The synthesis of ␣-chiral amines bearing two alkyl groups has been hampered by the accessibility and stability of the alkylimine precursor. Herein, we report an efficient strategy to generate the alkyl-substituted imine in situ that is compatible with the MeDuPHOS monoxide⅐Cu(I) catalyzed addition of diorganozinc reagents. The sulfinic acid adduct of the imine is readily prepared by mixing diphenylphosphinic amide, the aldehyde, and sulfinic acid. The sulfinic acid adduct is generally isolated by filtration. The addition of diorganozinc reagents in the presence of Me-DuPHOS monoxide⅐Cu(I) and the in situ-generated imines affords the corresponding ␣-chiral amines in high yields and enantiomeric excesses.
T
he synthesis of ␣-chiral amines using the catalytic asymmetric addition of diorganozinc reagents has produced very exciting results in recent years (1) (2) (3) . This very important subunit is commonly found in many pharmaceuticals and other biologically important compounds. Some specific examples include Flomax (antihypertensive) and Mexitil (antiarrhythmics) ( Fig. 1) (4) . The most important methodologies developed to prepare ␣-chiral amines in enantiomerically pure form rely on either chemical resolution or on the use of readily available chiral synthons as building blocks. More recently, the development of efficient chiral auxiliaries has led to the extensive use of chiral imines as precursors to ␣-chiral amines by alkylation chemistry (5-9) or hydrogenation (10) .
Catalytic asymmetric nucleophilic addition reactions of organometallic reagents to imines have been reported with Ntosylimines (11, 12) , N-arylimines (13) (14) (15) , and N-acylimines (16, 17) as amine precursors. The cleavage of the protecting group leads to the ␣-chiral amine; however, in the former two cases, harsh conditions are usually necessary [N-tosyl, SmI 2 ; N-aryl, ceric ammonium nitrate or PhI(OAc) 2 ; N-formyl, H 3 O ϩ , heat]. Furthermore, the reactions usually require excess of the diorganozinc reagent, and in a number of cases, the addition of dimethylzinc is unsuccessful or affords to the amine in much lower yields and enantiomeric excesses (ee). Recently, we reported that the copper-catalyzed addition of diorganozinc reagents to N-phosphinoylarylimines proceeds in high yields and enantioselectivities in the presence of a catalytic amount of the novel Me-DuPHOS monoxide [(R,R)-BozPHOS] chiral ligand (Scheme 1) (18, 19) . In addition to being readily available, this hemilabile bidentate ligand offers superb catalytic activity, broad substrate generality, and mild reaction conditions. Furthermore, the increase in imine electrophilicity imparted by the N-phosphinoyl protecting group, combined with its ease of cleavage under mildly acidic conditions, makes this method very attractive to prepare ␣-chiral amines.
The one major limitation of this methodology is our inability to prepare alkylaldehyde-derived N-phosphinoylimines bearing ␣-enolizable protons in reasonable yields. This has been a limitation not only in diorganozinc addition chemistry (20) (21) (22) (23) (24) (25) , but also in catalytic asymmetric nitro-Mannich (26) , Mannich (27) , and Strecker (28) processes that use similar electrophilic precursors. This inherent limitation is also present in the preparation of N-acylimines, and several strategies have been developed to circumvent this problem. The in situ generation of sensitive imines from stable precursors has been a strategy that has been quite successful in a number of cases. Typically, a stable imine adduct is used as a precursor and is converted to the imine in situ (Scheme 2). The method involves the use of a leaving group (LG) on the ␣-carbon of the N-protected amine. Several leaving groups including benzotriazolates (29) , sulfinates (30) , and succinimidates (31) have been used for the in situ preparation of N-acylimines.
In this article, we describe the feasibility of the in situ synthesis of N-phosphinoylimines and we show that these precursors are also suitable reaction partners for the preparation of ␣-chiral amines in high yields and ee in the (R,R)-BozPHOS⅐Cu catalyzed addition of diorganozinc reagents (Scheme 3).
Experimental Methods
General. All nonaqueous reactions were run under an inert atmosphere (nitrogen or argon) with rigid exclusion of moisture from reagents and glassware by using standard techniques for manipulating air-sensitive compounds. All glassware was stored in the oven and͞or was flame-dried before use under an inert atmosphere of gas. Anhydrous solvents were obtained either by filtration through drying columns (ether, toluene) on a GlassContour system (Irvine, CA) or by distillation over sodium͞ benzophenone (toluene). Analytical TLC was performed on precoated, glass-backed silica gel (Merck 60 F 254 ). Visualization of the developed chromatogram was performed by UV absorbance, aqueous cerium molybdate, ethanolic phosphomolybdic acid, iodine, or aqueous potassium permanganate. Flash column chromatography was performed by using 230-400 mesh silica [EM Science or Silicycle (Quebec City, QC, Canada)] of the indicated solvent system according to standard technique. Melting points were obtained on a Buchi (Flawil, Switzerland) melting-point apparatus and are uncorrected. NMR spectra ( 1 H, 13 C, 31 P) were recorded on Bruker AV 300, AMX 300, AV 400, or ARX 400 spectrometers. Chemical shifts for 1 m, multiplet; br, broad), coupling constant in Hz, and integration. Chemical shifts for 13 C NMR spectra are recorded in ppm from tetramethylsilane by using the central peak of deuterochloroform (77.00 ppm) or deuterated DMSO (39.52 ppm) as the internal standard. All spectra were obtained with complete proton decoupling. Optical rotations were determined with a Perkin-Elmer 341 polarimeter at 589 or 546 nm. Data are reported as follows: [␣] temp , concentration (c in g͞100 ml), and solvent. High-resolution mass spectra were performed by the Centre régional de spectroscopie de masse of the University of Montreal. Combustion analyses were performed by the Elemental Analysis laboratory of the University of Montreal.
Analytical HPLC was performed on a Hewlett-Packard analytical instrument (model 1100) equipped with a diode array UV detector. Data for determination of the enantiomeric excess is reported as follows: column type, eluent, flow rate, and retention time (t r ).
Reagents. Cu(OTf) 2 was purchased from Strem Chemicals (Newburyport, MA). All starting materials were purchased from Aldrich or Alfa Aesar (Ward Hill, MA). Unless otherwise stated, commercial reagents were used without purification. Diethylzinc was purchased neat from Akzo Nobel and used without purification.
Racemic samples for HPLC analysis were prepared by addition of Et 2 Zn͞CuCN in toluene to the sulfinyl adducts. Ligand (R,R)-BozPHOS was prepared according to literature procedure (18) . (R,R)-BozPHOS (13 mg, 0.040 mmol, 0.050 eq) and Cu(OTf) 2 (13 mg, 0.036 mmol, 0.045 eq) were dissolved in toluene (3 ml). The resulting dark-green heterogeneous solution was stirred for 1 h at room temperature, diethylzinc (205 l, 2.0 mmol, 2.5 eq) was added, and the resulting dark-brown suspension was stirred for 20 min and cooled to the desired temperature. A cold suspension of sulfinyl adduct (0.80 mmol, 1.0 eq) in toluene (3 ml ϩ 2 ml to rinse ϩ 1 ml to rinse) was transferred (Teflon cannula; o.d., 1͞8th of an inch; i.d., 1͞16th of an inch) to the catalyst solution. After stirring, the reaction was quenched with saturated aqueous NH 4 Cl and the aqueous layer was extracted with CH 2 Cl 2 (3 ϫ 40 ml). The combined organic layers were dried over Na 2 SO 4 . Concentration and purification by silica gel column chromatography (100% EtOAc) gave the pure protected amine.
p-Toluenesulfinic Acid. p-Toluenesulfinic acid was formed by dissolving its hydrated sodium salt in a minimum of hot 10% vol͞vol HCl (the resulting pH must be lower than 3) and crystallization at 4°C. Further filtration and drying under vacuum led to white crystals.
General Procedure for the Synthesis of Sulfinyl Adducts. To a suspension of P,P-diphenylphosphinic amide (1.00 g, 4.6 mmol, 1 eq) and sulfinic acid (1.08 g, 6.9 mmol, 1.5 eq) in anhydrous diethylether (40 ml, ACS grade) was added the freshly distilled aldehyde (6.9 mmol, 1.5 eq) at room temperature. The mixture was stirred for 15 h, during which a white precipitate was slowly formed. On completion of the reaction, the solution was filtered, and the white solid was washed with anhydrous diethylether (15 ml, ACS grade) and dried under vacuum.
N-[(4-methylphenyl)sulfonyl](phenyl)methyl]-P,P-diphenylphosphinic amide (3)
. The general procedure was followed. The crude compound (71% yield) was used without purification for the next step: (white powder) mp 122-124°C (dec.) HRMS (FAB) m͞z calc. for C 26 
N-[1-methyl-(toluene-4-sulfonyl)-methyl]-P,P-diphenylphosphinic amide.
The general procedure was followed. The crude compound 9 (91% yield) was used without purification for the next step: (white powder) mp 120-121°C (dec.); 
N-[(1R)-1-methylpropyl]-P,P-diphenylphosphinic amide.
NMR (300 MHz, CDCl 3 ) ␦ 7.93 (dd, J ϭ 8.0, 1.6 Hz, 2H), 7.89 (dd, J ϭ 8.1, 1.6 Hz, 2H), 7.53-7.38 (m, 6H), 3.04 (m, 1H
N -{1-[ (4-methylphenyl)sulfonyl]-3-phenylpropyl}-P,P -diphenylphos-
phinic amide. The general procedure was followed. The crude compound 5 (97% yield) was used without purification for the next step: (white powder) mp 118-120°C (dec.); 1 
Results
One important aspect of the in situ generation of Nphosphinoylimines from stable precursors is the concomitant formation of a stoichiometric amount of an EtZnLG species (Scheme 3). Because the basic nature of this by-product may seriously hamper the subsequent catalytic asymmetric nucleophilic addition step, we initially elected to test a standard catalytic asymmetric addition on a preformed and stable N-phosphinoylimine in the presence of several additives (Table  1) . These reactions were then compared to the standard one in the absence of additives to identify which additives had the minimal detrimental effect on the efficiency and level of enantioselection for the reaction. The data collected in Table  1 illustrate that the benzotriazoyl group (entry 2) resulted in irreproducible yields depending on the reaction time (longer times led to higher yields and ee of the desired product: 78% ee after 6 h and 94% ee after 20 h). Conversely, the succinimidate group (entries 3) allowed for an excellent yield but eroded ee when compared to the standard reaction run in the absence of the additive (entr y 1). The ethylzinc ptoluenesulfinyl was fully compatible with the reagents and catalytic species, and high yield and enantiocontrol was observed in the presence of a stoichiometric amount of this additive (entry 4). It is noteworthy that high enantiocontrol was also achieved in the presence of ethylzinc phenoxide (entry 5) or ethylzinc methoxide (entry 6). To further corroborate these findings, the benzotriazoyl adduct 1 of the imine derived from benzaldehyde was prepared and submitted to the reaction conditions (Scheme 4). Although a low conversion to the desired amine 2 was observed after 6 h (43% conversion and 38% isolated yield), the ee of the product was excellent, perhaps indicating that the benzotriazoyl group may be a very good choice for the in situ preparation of imines. However, the data presented in Table 1 led us to focus initially on the p-toluenesulfinyl adduct of the imine because it appeared to be the most promising precursor for the in situ preparation of dialkyl-substituted ␣-chiral amines. The synthesis of the sulfinic acid adduct of N-phosphinoylimines could not be accomplished by using standard procedures that involve acidic conditions and heat. However, we found that they could be prepared simply by stirring an aldehyde, diphenylphosphinic amide, and p-toluenesulfinic acid in ether ( Table 2 ). The mixture is stirred for several hours (16-36 h) during which the resulting sulfinic acid adduct precipitates and is isolated by filtration in high yield. The reaction proceeds well with several aryl-and alkyl-substituted aldehydes. More importantly, the reaction involving aldehydes containing enolizable protons proceeded smoothly and without any significant self-condensation of the aldehyde. Typically, the solid that is recovered on filtration is sufficiently pure to be used directly in the catalytic asymmetric alkylation reaction with diorganozinc reagents. One limitation of this approach is that ␣,␤-unsaturated aldehydes are not compatible with this procedure as the sulfinic moiety is prone to undergo conjugate addition reaction with this substrate.
The next step was to test several reaction conditions and other parameters to identify any peculiar aspect of copper catalyzed addition of diorganozinc reagents to the sulfinic acid adduct 5 (Table 3) . Based on our previous work on this reaction, the first important variable to be tested was the optimal stoichiometry between the copper salt and (R,R)-BozPHOS, as well as the optimal copper salt. The Cu͞ligand stoichiometry is important because it defines the amount of ethylzinc triflate present in the mixture. Although ethylzinc triflate is not sufficiently nucleophilic to add to the imine (Table 1 , entry 7), we believe its role as a Lewis acid to activate the imine is crucial in this reaction. We also elected to use 2.5 eq of diethylzinc because 1 eq is consumed to form the imine, leaving 1.5 eq for the nucleophilic addition process. The first three entries illustrate the effect of the stoichiometry between (R,R)-BozPHOS and copper(II) triflate on the efficiency of the reaction. It appears that a 1:1 ratio of Cu and the chiral ligand is optimal for this reaction. Excellent ee of the product was observed when the amount of the chiral ligand was lowered to 3 mol%; however, the yield was slightly lower (Table 1, entry 5). A similar reduction in yield was observed if copper(I) triflate was used as the catalyst precursor (Table 1 , entry 6). Because a stoichiometric amount of the sulfinyl counterion is formed in the reaction, we were intrigued by the possibility of using copper p-toluenesulfinyl as the catalyst precursor. Unfortunately, much lower ee resulted with this copper salt (Table 1, entry 4) .
With the optimal conditions in hand, the copper catalyzed addition reactions of diethylzinc to sulfinic acid adducts 3-10 were tested (Table 4) . We were quite pleased to find that the additions proceeded smoothly in all of the cases and that, more importantly, excellent enantiocontrol was observed. Furthermore, the reaction was shown to be highly effective with ␣-branched imines (Table 4 , entries 2, 4, and 6). In all cases, the N-phosphinoyl protecting group could be cleaved under mild conditions to liberate the amine (HCl, MeOH).
Conclusion
In conclusion, we have shown that Me-DuPHOS monoxide [(R,R)-BozPHOS] is a very effective ligand in the coppercatalyzed addition of diethylzinc to N-phosphinoylalkylimines prepared in situ from their p-toluenesulfinyl adducts. The major advantages of this process are high yields and enantioselectivities, as well as the mild conditions for the deprotection of the N-protecting group. 
